Tumor angiogenesis is controlled by the integrated action of physicochemical and biological cues; however, the individual contributions of these cues are not well understood. We have designed alginate-based microscale tumor models to define the distinct importance of oxygen concentration, culture dimensionality, and cellextracellular matrix interactions on the angiogenic capability of oral squamous cell carcinoma, and have verified the relevance of our findings with U87 glioblastoma cells. Our results revealed qualitative differences in the microenvironmental regulation of vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8) secretion in three-dimensional (3D) culture. Specifically, IL-8 secretion was highest under ambient conditions, whereas VEGF secretion was highest in hypoxic cultures. Additionally, 3D integrin engagement by RGD-modified alginate matrices increased IL-8 secretion independently of oxygen, whereas VEGF secretion was only moderately affected by cell-extracellular matrix interactions. Using two-dimensional migration assays and a new 3D tumor angiogenesis model, we demonstrated that the resulting angiogenic signaling promotes tumor angiogenesis by increasing endothelial cell migration and invasion. Collectively, tissue-engineered tumor models improve our understanding of tumor angiogenesis, which may ultimately advance anticancer therapies.
Introduction
T he capacity of tumor cells to drive angiogenesisthe formation of new blood vessels-is a hallmark of cancer. This process is typically regulated by spatiotemporal changes in tissue oxygen (O 2 ) levels. [1] [2] [3] Initially, tumors grow as an avascular mass until they reach a critical size where the center of the tumor becomes depleted of O 2 , or hypoxic, due to limitations in O 2 diffusion. Consequently, tumor cells activate intracellular signaling pathways that induce tumor angiogenesis, a process that enables tumor growth and metastasis. 4, 5 Hypoxia-mediated upregulation of vascular endothelial growth factor (VEGF) is considered paramount in activating the angiogenic switch 2, [6] [7] [8] ; however, microenvironmental cues may also play an important role in this process and may regulate angiogenic factor expression independent of changes in tissue O 2 levels. 9, 10 For example, culture dimensionality and cell-extracellular matrix (ECM) interactions regulate expression of pro-angiogenic factors such as basic fibroblast growth factor and interleukin-8 (IL-8), 11, 12 and the resulting multifactorial signaling may be implicated in the limited clinical success of VEGF-inhibiting therapies. 7, [13] [14] [15] Tumor cell response to hypoxia is traditionally studied in two-dimensional (2D) cell culture, with human tumor biopsies, or in animal models. 3, [16] [17] [18] [19] However, these systems fail to recapitulate physiologically relevant, spatiotemporal variations in O 2 concentration 9, 11, 20 or to define experimental parameters quantitatively. Three-dimensional (3D) tumor models offer the potential to recreate cell-microenvironment interactions that recapitulate human tumor behavior. 11, 12, 21, 22 Nevertheless, O 2 levels in conventional 3D culture systems are typically uncontrolled and heterogeneous as a result of cellular consumption and size-dependent limitations in O 2 -diffusion. [23] [24] [25] The goal of this study was to investigate the individual contributions of O 2 concentration, culture dimensionality, cell-ECM interactions, and the coupling of these effects on tumor angiogenesis. We engineered microfabricated 3D tumor models based on measured O 2 consumption rates and mathematical modeling of intratumor O 2 distributions. These models allowed for the control of intraculture O 2 by incubation under ambient and hypoxic conditions, and were prepared from nonmodified and RGD-modified alginate to prevent and enable 3D integrin engagement, respectively. Comparison of VEGF and IL-8 secretion in these systems with conventional monolayer cultures allowed us to isolate the distinct effects of O 2 status, culture dimensionality, and cell-ECM interactions on the angiogenic potential of oral squamous cell carcinoma (OSCC-3) (Fig. 1a) . We further confirmed the relevance of our findings with U87 glioblastoma cells. With this distinction made, we designed a 3D model of invasion angiogenesis that has the potential to define the resulting effects on endothelial cell behavior under pathologically relevant conditions in vitro.
Materials and Methods

Three-dimensional alginate-based tumor models
Alginate hydrogels (4% [w=v]) were used for 3D cell culture of human OSCC-3 (gift from Peter Polverini, University of Michigan), an oral cancer cell line, and human U87 glioblastoma cells (ATCC). Cylindrical calcium alginate disks (200 mm thick and 4 mm in diameter) were made by (1) suspending cells in alginate (Protanal LF; FMC Biopolymer, Philadelphia, PA; dissolved in serum-free Dulbecco's modified Eagle's medium) at a concentration of 20Â10 6 cells=mL, (2) casting in a machined Plexiglass mold, and (3) crosslinking with 60 mM CaCl 2 . Cross-linked, cell-seeded disks were removed from the mold, and cultured in 24-well plates (one disk per well) on an orbital shaker (Fig. 1b) . The medium was Dulbecco's modified Eagle's medium with 10%
[v=v] fetal bovine serum (Lonza, Inc., Walkersville, MD) and 1% penicillin=streptomycin (PS), and culture was performed at 378C, 5% CO 2 , and either hypoxic (1%) or ambient (18 AE 1%) O 2 , in a controlled atmosphere incubator (Thermo Fisher Scientific, Inc., Waltham, MA). For analysis of cell-ECM interactions, alginate was covalently modified with RGD-peptides as previously described. 12, 26 Growth-arrested OSCC-3 were prepared by incubating cells with 1 mg=mL mitomycin-C for 2 h before mixing with alginate. 27 Measurement of O 2 consumption and finite element modeling OSCC-3 O 2 consumption was measured from four cellseeded 200-mm-thick alginate disks submerged in 2 mL medium in a sealed glass chamber (Agilent Technologies, Inc., Santa Clara, CA), and kept stirring at 378C. The medium was initially equilibrated at ambient O 2 and 5% CO 2 , and reduction in O 2 level due to cellular consumption was measured with a dissolved O 2 meter (Innovative Instruments, Inc., Tampa, FL). Measurements were taken at minute intervals for 30 min. Consumption rate was calculated from a linear fit to the O 2 level versus time (Fig. 2a, 
Histological analysis
Alginate disks were incubated with hypoxyprobe (HPI, Inc., Burlington, MA) for 90 min before harvesting, and prepared for paraffin embedding and cross sectioning. Hematoxylin and eosin-stained sections were imaged to determine cellularity. Hypoxyprobe immunostaining was performed to identify regions of hypoxia. Bright-field images were taken on an inverted microscope (Axio Observer; Carl Zeiss, Inc., Thornwood, NY).
Analysis of angiogenic factor secretion
To measure angiogenic factor secretion, tumor models were transferred to a fresh medium before sample collection. After 24 h, the conditioned medium was collected, and soluble VEGF and IL-8 content was analyzed by ELISA (R&D Systems, Minneapolis, MN). Alginate disks were dissolved using ethylenediaminetetraacetic acid and released cells were lysed in Caron's buffer. DNA content was measured using Quant-iT PicoGreen dsDNA reagent (Invitrogen Co.), and used to normalize VEGF and IL-8 secretion. Media from monolayer cultures were harvested at day 2 to ensure that the rapidly proliferating tumor cells had not formed 3D aggregates. Three-dimensional cultures were harvested at day 3.
Transwell assay
Tissue culture inserts (polycarbonate membranes, 8 mm pores) were coated with collagen (22 mg=mL) and seeded with 10 4 cell=well human umbilical vein endothelial cells (HUVECs; Lonza, Inc.). Control (HUVEC medium), tumorconditioned (medium collected from the 3D alginate culture of OSCC-3, concentrated, and then reconstituted in the HUVEC medium), or neutralized tumor-conditioned medium treated with IL-8 antibody was placed below the insert, and cells allowed to migrate toward the underlying medium for 24 h. After fixation and removal of nonmigrated cells, migrated cells were stained with 4 0 ,6-diamidino-2-phenylindole, imaged, and counted with ImageJ (rsbweb.nih.gov=ij).
Three-dimensional collagen-based tumor angiogenesis models
Collagen-based invasion models were fabricated in a microwell format (Fig. 1c) , for ease of handling. Collagen was chosen as a scaffold material that can be both invaded and remodeled by endothelial cells. Square collagen scaffolds (2.5Â2.5 mm; 90 and 400 mm thick) were made by (1) isolating and mixing concentrated rat-tail collagen at 0, 5Â10 6 , or 20Â10 6 cell=mL OSCC-3 to yield 0.675% collagen gels, (2) casting in a microfabricated poly(dimethylsiloxane) (PDMS) mold that was precoated sequentially with 1% [v=v] poly- The resulting disks were removed from the mold and used for 3D culture. (c) Three-dimensional tumor angiogenesis models were fabricated by crosslinking of collagen=tumor cell mixtures within poly(dimethylsiloxane) (PDMS) molds that were microfabricated by conventional photolithography techniques. Human umbilical vein endothelial cells were then seeded on the top of these OSCC-3-seeded gels, followed by 3-day culture.
Confocal imaging
Confocal microscopy (LSM 510; Carl Zeiss, Inc.) was used to obtain z-stacks of 3D tumor angiogenesis models after 3 days of culture. Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole, actin was stained with Alexa Fluor Ò 568 phalloidin (Invitrogen Co.), and HUVECs were stained with mouse anti-human CD31 (BD Biosciences, San Jose, CA) and Alexa Fluor 488 goat anti-mouse IgG (Invitrogen Co.). Images were viewed and analyzed with ImageJ or LSM Image Browser (www.zeiss.com).
Statistical analysis
Statistical significance between conditions was assessed by Student's t-tests. In all figures, data are presented as mean AE standard deviation for one representative experiment. Significance between conditions is denoted as *p < 0.05, **p < 0.01, and ***p < 0.001. At least two independent experiments were performed for each condition for verification of the emphasized trends. For protein and DNA values, individual measurements were taken on three separate samples for each condition. For the transwell migration analysis, 10 random images were counted and averaged per well, for three wells, for each condition. For invasion analysis, three random zstacks were counted and averaged per scaffold, for three scaffolds, for each condition.
Results
Development and characterization of 3D tumor models with uniform O 2 distribution
To investigate the individual contributions of culture dimensionality and O 2 concentration on the angiogenic capability of tumor cells, we engineered 3D tumor models comprised of OSCC-3-seeded 200-mm-thick alginate disks (Fig. 1b) . Cellular O 2 consumption was similar between OSCC-3 cultured in alginate (R O2, cell ¼ 5.4 AE 0.2Â10 À17 mol= (sÁcell;) Fig. 2a) , and those measured in suspension (R O2, cell ¼ 4.8 AE 0.5Â10 À17 mol=s-cell), confirming that neither encapsulation within alginate nor mechanical effects mediated by stirring affected the metabolic activity of these cells. Further, these rates were similar to the O 2 consumption rate reported for other tumor cells. 29, 30 Finite element modeling of the steady-state O 2 distribution within the engineered tumors (cell density, measured O 2 consumption, and a reported O 2 diffusion value were used as inputs) indicated uniformity of O 2 levels within the engineered 200-mm-thick tumor models (central and peripheral oxygen partial pressure [pO 2 ] values differed by <2% for the initial seeding density [data not shown], and <4% after proliferation by a factor of three), whereas significant nonuniformity was predicted for tumor models !500 mm in thickness (>25% difference between central and peripheral pO 2 values at the initial seeding density for a 1-mm-thick scaffold, and 85% central depletion with proliferation by a factor of three) (Fig. 2b) .
Histological analysis of 3D cultured tumor cells verified our ability to control cellularity and O 2 distribution in our systems. Hematoxylin and eosin staining indicated uniform cell distribution within both ambient and hypoxic 3D cultures, and that cell numbers were markedly enhanced in the tumor models exposed to ambient O 2 (Fig. 2c) . Quantification of total DNA content confirmed that 3D cultured tumor cells proliferated significantly more at ambient O 2 than at hypoxia (increase in cell number at day 6 relative to day 0 was typically two-to threefold greater for ambient culture). Hypoxyprobe staining further confirmed uniform distribution of hypoxia for the 1% O 2 culture condition, whereas no staining was detected for the ambient culture (Fig. 2c) . Tumor models cultured under ambient O 2 appeared to be thicker (closer to 250 mm) than their hypoxic counterparts after 6 days of culture, which could be a result of the enhanced proliferation and resulting disk swelling.
Secretion of pro-angiogenic factors in O 2 -controlled 3D tumor models
To assess whether changes in global pO 2 affect the proangiogenic capability of OSCC-3 in 2D and 3D cultures, we measured secreted VEGF and IL-8 in the conditioned medium. Three-dimensional cultures of OSCC-3 exhibited a significant increase in VEGF and IL-8 secretion compared to 2D cultures for both ambient and hypoxic conditions (Fig. 3a) . However, IL-8 was much more dramatically increased by 3D culture (20-fold for hypoxic and 116-fold for ambient culture) as compared to VEGF (fourfold for hypoxic and sevenfold for ambient culture) (Fig. 3a) . Basic fibroblast growth factor was not the focus of these studies due to its low secretion levels. Consistent with previous results, hypoxia upregulated VEGF secretion in both 2D and 3D culture. 3, 11 Interestingly, hypoxia increased IL-8 secretion in 2D culture (ambient: 0.022 AE 0.003 pg=ng DNA; hypoxic: 0.044 AE 0.003 pg=ng DNA), 11 but resulted in a threefold downregulation of IL-8 in 3D. These differences were due to changes in factor secretion rather than altered sequestration within the alginate matrix, as the measured amount of scaffold-sequestered VEGF and IL-8 was minimal under all tested conditions (data not shown). Collectively, these data indicate that hypoxia is a major regulator of VEGF in both 2D and 3D culture; however, other microenvironmental cues inherent to the 3D culture context, but lacking in conventional monolayer culture, appear to drive the upregulation of IL-8.
O 2 -dependent changes in cell-ECM interactions alter secretion of angiogenic factors
To resolve the effects of hypoxia and 3D cell-ECM interactions on angiogenic factor secretion, we developed 3D tumor models using alginate hydrogels that were covalently modified with RGD-adhesion peptides to mimic fibronectinmediated integrin engagement. 12 Subsequently, we compared VEGF and IL-8 secretion within nonmodified and RGD-modified alginate scaffolds maintained under ambient O 2 and hypoxia. Our results indicate important qualitative differences in angiogenic factor regulation by O 2 and cell-ECM interactions. While 3D cell-ECM interactions upregulate IL-8 secretion under both ambient and hypoxic culture conditions, IL-8 secretion is highest in the presence of the additive effects of ambient O 2 culture and 3D integrin engagement (Fig. 3b, right panel) . In contrast, VEGF secretion is only moderately affected by 3D integrin engagement under ambient conditions, and unaffected in hypoxic cultures (Fig. 3b, left panel) . Similar trends in VEGF and IL-8 secretion were detected when OSCC-3 cells were cultured in collagen scaffolds (Supplemental Fig. S2 , available online at www.liebertonline.com=ten). As collagen also allows for 2136 VERBRIDGE ET AL. To prevent and enable 3D integrin engagement, tumor cells were cultured within nonmodified or RGD-modified alginate disks, respectively. The conditioned medium was analyzed as described above. (c) Effect of 3D cell-extracellular matrix interactions on VEGF and IL-8 secretion by U87 cells in response to hypoxia and ambient O 2 . All 3D medium samples were analyzed after 3 days of culture, whereas two-dimensional medium samples were measured after 2 days to prevent formation of 3D cell aggregates. (*p < 0.05, **p < 0.01, and ***p < 0.001).
integrin engagement, these results underline the importance of cell-ECM interactions in modulating the pro-angiogenic activity of OSCC-3, specifically with regard to IL-8 production.
To confirm the relevance of our findings with a second cell type, we analyzed the regulatory effects of O 2 and integrin engagement on VEGF and IL-8 secretion by U87 glioblastoma. In these cells VEGF was primarily regulated by hypoxia, and only affected by cell-ECM interactions under hypoxic conditions (Fig. 3c, left panel) . In contrast, IL-8 was increased by integrin engagement independent of O 2 , and was secreted most in ambient RGD-alginate cultures (Fig. 3c,  right panel) . Together, VEGF and IL-8 secretion by OSCC-3 and U87 is similarly regulated by the O 2 and ECM environment, underlining the significance of our findings.
Changes in 3D cell proliferation may induce altered integrin engagement due to sequestration of ECM molecules in tumor cell aggregates. 31, 32 As OSCC-3 cells proliferated two to three times faster in ambient relative to hypoxic cultures, we tested this possible relationship. Inhibition of OSCC-3 proliferation by mitomycin-C reduced IL-8 and VEGF secretions in ambient 3D alginate cultures (VEGF: twofold decrease; IL-8: threefold decrease; data not shown). These data indicate that O 2 -dependent changes in proliferation play a significant role in guiding angiogenic factor secretion, and it is possible that differential ECM deposition may be involved in this effect.
O 2 -dependent changes in angiogenic signaling regulate angiogenesis
To explore the implications of IL-8 upregulation in response to ambient 3D culture conditions, we performed a transwell assay in which we measured HUVEC migration in response to the tumor-conditioned medium in the absence and presence of IL-8-function blocking antibody. The tumorconditioned medium collected from alginate-based 3D OSCC-3 models maintained under ambient O 2 significantly ( p < 0.05) elevated HUVEC migration relative to the control medium, and neutralization of IL-8 blocked this effect (control medium: 72 AE 11; tumor medium: 109 AE 12; tumor medium þ anti-IL-8 Ab: 87 AE 6 migrations=mm 2 ). These results indicate that IL-8 upregulation in response to the combined effects of ambient O 2 and tumor dimensionality plays an important role in regulating the migratory capacity of endothelial cells during tumor angiogenesis.
Although transwell studies provide important tools to study endothelial cell behavior in culture, they lack the 3D cell-microenvironment interactions that regulate invasion angiogenesis in vivo. To overcome these limitations we developed a 3D coculture system to study tumor angiogenesis in vitro. This microfabricated model consisted of a tumor-cellincorporating remodelable collagen scaffold that was coated with an endothelial cell monolayer (Fig. 1c) . O 2 concentrations within this 3D tumor angiogenesis model can be adjusted by varying the seeding density of the tumor cells and the height of the PDMS mold used to cast the collagen gels. Specifically, scaffolds containing either 5Â10 6 or 20Â10 6 OSCC-3=mL (or no tumor cells as a control) were fabricated and thermally cross-linked in PDMS microcarriers of 90 and 400 mm depth. Mathematical modeling (assuming proliferation by a factor of three of the initial seeding density over the course of the 3-day culture) of O 2 distribution within these microwell cultures confirmed that 90-mm-thick cultures developed homogenous (>97% uniformity) ambient O 2 concentrations at both cell densities (Fig. 4a) . However, O 2 was reduced to < 50% of the ambient O 2 concentration at the base of the 400-mm-thick higher seeding density culture, providing a heterogeneous O 2 environment characteristic of tumors in vivo (Fig. 4a) .
Angiogenic response to these conditions was analyzed by quantifying HUVEC invasion into the underlying tumor matrix (Fig. 4b, c) . HUVECs readily invaded blank collagen scaffolds and sparse 3D tumor cell cultures devoid of hypoxia (i.e., seeding density: 5Â10 6 cells=mL; thickness: 90 mm), but invasion was dramatically increased with enhanced tumor cell density (i.e., 20Â10 6 cells=mL; thickness: 90 mm) (Fig. 4c) . We hypothesized that this difference could be related to the cell-number-dependent increase of IL-8 under ambient conditions rather than the increase in VEGF, as HUVEC invasion into thick cultures with heterogeneous O 2 distribution (i.e., seeding density: 20Â10 6 cells=mL; thickness: 400 mm) was significantly reduced. To test our hypothesis, we measured IL-8 secretion in the different culture models, which confirmed that increased endothelial cell invasion correlated with IL-8 upregulation (data not shown). These novel 3D tumor models have the potential to transform current studies of tumor angiogenesis by enabling precise control over the 3D cell-microenvironment interactions that may contribute to tumor angiogenesis. Further qualitative and quantitative characterization of these culture systems will be necessary to resolve the contributions of IL-8 upregulation in response to O 2 -dependent 3D culture conditions.
Discussion
We have engineered 3D microscale tumor models to experimentally isolate the effects of tumor O 2 tension, culture dimensionality, and cell-ECM interactions on the angiogenic capability of OSCC-3. Hypoxia enhanced VEGF secretion in both 2D and 3D cultures. IL-8 was enhanced by hypoxia in 2D culture, whereas an opposite trend was noted for OSCC-3 IL-8 secretion in 3D culture. While cell-ECM interactions increased IL-8 secretion independent of O 2 , these conditions modulated VEGF secretion only under ambient culture conditions. Similar trends were observed for OSCC-3 cultured in collagen I and U87 cells maintained in alginate-based systems, thereby underlining the significance of our findings. Using 2D migration assays and a novel 3D tumor angiogenesis model, we demonstrated that the resulting angiogenic signaling affects endothelial cell behavior.
These studies are broadly relevant to our understanding of tumor angiogenesis as they may help to explain the differential amounts and spatial distribution of VEGF and IL-8 in tumors in vivo. Although small tumors secrete more IL-8 than large tumors, more VEGF is predominant in large tumors. 33 Further, IL-8 is preferentially localized in the tumor periphery, whereas VEGF is primarily associated with the center of tumors. 33 Our results suggest that these spatial differences may be due to their primary mechanisms of regulation: hypoxia (i.e., the main regulator of VEGF) is increased in large tumors and predominantly present in the center, whereas the relative amount of O 2 and 3D cell-ECM interactions (i.e., a primary regulator of IL-8) is enhanced in small tumors and the periphery of larger tumors.
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We have previously shown that proliferation of OSCC-3 in 3D culture leads to upregulation of fibronectin relative to monolayer culture, 11 and that the resulting 3D integrin engagement enhances IL-8, but not VEGF secretion.
12 By experimentally isolating O 2 , culture dimensionality, and cell-ECM interactions, we now present evidence that supports a model of O 2 -dependent differences in the regulation of VEGF and IL-8 secretion by 3D integrin engagement. While VEGF secretion is only modestly regulated by 3D cell-ECM interactions, at ambient culture for OSCC-3 and hypoxic culture for U87s, IL-8 secretion is significantly increased by these interactions regardless of the O 2 environment, for both cell types. This difference may be related to differences in integrin signaling under hypoxic culture conditions that may activate hypoxia inducible factor-1a (HIF-1a), a transcription factor that regulates VEGF, but not IL-8 expression. 34, 35 To assess the potential impact of O 2 -dependent IL-8 upregulation, we developed coculture models that mimicked paracrine signaling between tumor and endothelial cells. Transwell migration experiments using the conditioned medium from ambient OSCC-3 cultures validated that IL-8 upregulation increases the migratory capacity of endothelial cells. 36, 37 However, migratory capacity does not encompass the full angiogenic behavior of endothelial cells, and does not necessarily correlate to a cell's contribution to invasion angiogenesis. To more appropriately test tumor angiogenesis as affected by 3D cultured tumor cells in vitro, we have developed a system that may have broad utility as an invasion assay. In this system the scaffold can be remodeled by both tumor and endothelial cells, as is the case in vivo, and the combined effects of O 2 , soluble factors, and dimensionality of cell-microenvironment interactions can be studied under pathologically relevant conditions. While our studies focused on defining the distinct roles of O 2 and 3D cell-ECM interactions in modulating the angiogenic potential of tumor cells, the developed model systems have broad utility for testing multiple key questions still unresolved in the field of tumor angiogenesis. For example, O 2 -dependent changes in cell proliferation may alter cell-cell interactions via direct cell-cell contact and altered paracrine signaling. 38, 39 By covalent coupling of cell-cell adhesion molecules (e.g., cadherins) to alginate or utilization of alginate-based matrices to recreate biologically inspired delivery profiles of soluble factors (e.g., gradients), it may become possible to study the role of these cues under defined O 2 and 3D culture conditions. Finally, while ambient O 2 is commonly employed in cell culture work, physiological tissue O 2 levels are significantly lower. 40, 41 Future studies with these 3D culture systems will allow us to define the quantitative range of O 2 concentration profiles that may modulate tumor angiogenesis.
In summary, we have developed broadly applicable 3D tumor and tumor angiogenesis models by integrating engineering tools and cancer biology. These systems allow studies of cancer biology under pathologically relevant culture conditions in vitro. Future applications may lead to an improved understanding of tumor angiogenesis that has the potential to improve current antiangiogenic treatment regimes and ultimately the clinical prognosis of cancer patients.
